Identification of evolutionary and kinetic drivers of NAD-dependent signaling by Bockwoldt, M. et al.
This is a repository copy of Identification of evolutionary and kinetic drivers of 
NAD-dependent signaling.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/149128/
Version: Accepted Version
Article:
Bockwoldt, M., Houry, D., Niere, M. orcid.org/0000-0002-5678-302X et al. (5 more authors)
(2019) Identification of evolutionary and kinetic drivers of NAD-dependent signaling. 
Proceedings of the National Academy of Sciences. ISSN 0027-8424 
https://doi.org/10.1073/pnas.1902346116
© 2019 The Authors. This is an author-produced version of a paper subsequently 
published in Proceedings of the National Academy of Sciences. Uploaded in accordance 
with the publisher's self-archiving policy.
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
Submission PDF
)DENTIlCATION OF EVOLUTIONARY AND KINETIC DRIVERS OF
.!$DEPENDENT SIGNALLING
-ATHIAS "OCKWOLDT $OROTHEE (OURY -ARC .IERE 4ONI 'OSSMANN )NES 2EINARTZ !LEXANDER 3CHUG -ATHIAS
:IEGLER )NES (EILAND
5NIVERSITY OF 4ROMSº  4HE !RTIC 5NIVERSITY OF .ORWAY 5NIVERSITY OF "ERGEN 5NIVERSITY OF 3HEFlELD +ARLSRUHE )NSTITUTE OF 4ECHNOLOGY *¾LICH 2ESEARCH
#ENTRE (:	
3UBMITTED TO 0ROCEEDINGS OF THE .ATIONAL !CADEMY OF 3CIENCES OF THE 5NITED 3TATES OF !MERICA
.!$ PROVIDES AN IMPORTANT LINK BETWEEN METABOLISM AND SIGNAL
TRANSDUCTION AND HAS EMERGED AS CENTRAL HUB BETWEEN BIOENER
GETICS AND ALL MAJOR CELLULAR EVENTS .!$DEPENDENT SIGNALLING
EG BY SIRTUINS AND 0!20S CONSUMES CONSIDERABLE AMOUNTS OF
.!$ 4O MAINTAIN PHYSIOLOGICAL FUNCTIONS .!$ CONSUMPTION AND
BIOSYNTHESIS NEED TO BE CAREFULLY BALANCED 5SING EXTENSIVE PHY
LOGENETIC ANALYSES MATHEMATICAL MODELLING OF .!$ METABOLISM
AND EXPERIMENTAL VERIlCATION WE SHOW THAT THE DIVERSIlCATION OF
.!$DEPENDENT SIGNALLING IN VERTEBRATES DEPENDED ON THREE CRITI
CAL EVOLUTIONARY EVENTS I	 THE TRANSITION OF .!$ BIOSYNTHESIS TO EX
CLUSIVE USAGE OF NICOTINAMIDE PHOSPHORIBOSYLTRANSFERASE .AM04	
II	 THE OCCURRENCE OF NICOTINAMIDE .METHYLTRANSFERASE ..-4	
WHICH DIVERTS NICOTINAMIDE .AM	 FROM RECYCLING INTO .!$ PRE
VENTING .AM ACCUMULATION AND INHIBITION OF .!$DEPENDENT SIG
NALLING REACTIONS AND III	 STRUCTURAL ADAPTATION OF .AM04 PROVIDING
AN UNUSUALLY HIGH AFlNITY TOWARDS .AM NECESSARY TO MAINTAIN
.!$ LEVELS /UR RESULTS REVEAL AN UNEXPECTED COEVOLUTION AND KI
NETIC INTERPLAY BETWEEN ..-4 AND .AM04 THAT ENABLES EXTENSIVE
.!$ SIGNALLING 4HIS HAS IMPLICATIONS FOR THERAPEUTIC STRATEGIES OF
.!$ SUPPLEMENTATION AND THE USE OF ..-4 OR .AM04 INHIBITORS
IN DISEASE TREATMENT
.!$DEPENDENT SIGNALLING | .!$ BIOSYNTHESIS | NICOTINAMIDE .
METHYLTRANSFERASE ..-4	 | NICOTINAMIDE PHOSPHORIBOSYLTRANSFERASE
.AM04	 | PHYLOGENETIC PATHWAY ANALYSIS PATHWAY EVOLUTION
)NTRODUCTION
/"% NFUBCPMJTN IBT SFDFJWFE JODSFBTJOH BUUFOUJPO BT B OVNCFS
PG QBUIPMPHJDBM TUBUFT JODMVEJOH OFVSPEFHFOFSBUJPO 	
 EJBCFUFT
	 
 PCFTJUZ 	
 IFBSU EJTFBTFT 	 
 NVTDMF EZTUSPQIZ 	
 
SFOBM EZTGVODUJPO 	
 BOE EJGGFSFOU UZQFT PG DBODFS 	
 IBWF
CFFO BTTPDJBUFE XJUI DIBOHFT JO UIJT DPNQMFY OFUXPSL *U IBT
CFFO FTUBCMJTIFE UIBU B HSBEVBM EFDMJOF JO /"% EVSJOH BHFJOH JT
POF PG UIF NBKPS ESJWJOH GPSDFT PG UIFTF BHFSFMBUFE QBUIPMPHJFT
	
 *O BEEJUJPO /"% NFUBCPMJTN IBT CFFO JEFOUJGJFE UP
CF B LFZ SFHVMBUPS GPS BYPOBM JOUFHSJUZ 	
 *U JT UIFSFGPSF
OPU TVSQSJTJOH UIBU /"% NFUBCPMJTN IBT FNFSHFE BT QSPNJTJOH
QIBSNBDPMPHJDBM UBSHFU GPS EJTFBTF USFBUNFOU 	
 )PXFWFS
UP GVMMZ FYQMPJU UIF UIFSBQFVUJD QPUFOUJBM PG /"%NFUBCPMJTN UIF
EZOBNJD BOE GVODUJPOBM JOUFSQMBZ CFUXFFO UIF JOEJWJEVBM /"%
QBUIXBZ DPNQPOFOUT OFFE UP CF FTUBCMJTIFE
/"% SFQSFTFOUT POF PG UIF NPTU DSJUJDBM MJOLT CFUXFFO DFMMV
MBS TJHOBM USBOTEVDUJPO BOE FOFSHZ NFUBCPMJTN &WFO UIPVHI JU JT
CFTU LOPXO BT DPGBDUPS GPS BNVMUJUVEF PG SFEPYSFBDUJPOT /"% JT
JOWPMWFE JO B OVNCFS PG TJHOBMMJOH QSPDFTTFT UIBU DPOTVNF /"%
CZ DMFBWJOH /"% UP OJDPUJOBNJEF 	/BN
 BOE "%1SJCPTF 	

5IFTF /"%EFQFOEFOU TJHOBMMJOH SFBDUJPOT JODMVEF QPMZ BOE
NPOP"%1SJCPTZMBUJPO 	 
 TJSUVJONFEJBUFE QSPUFJO EFB
DZMBUJPO 	
 BOE UIF TZOUIFTJT PG DBMDJVNNPCJMJ[JOH NPMFDVMFT
TVDI BT DZDMJD "%1SJCPTF 	
 BOE QBSUJDJQBUF JO UIF SFHVMB
UJPO PG WJSUVBMMZ BMM DFMMVMBS BDUJWJUJFT 5IF FO[ZNFT JOWPMWFE JO
UIFTF QSPDFTTFT BSF TFOTJUJWF UP UIF BWBJMBCMF /"% DPODFOUSBUJPO
5IFSFGPSF /"%EFQFOEFOU TJHOBMMJOH DBO BDU BT B USBOTNJUUFS PG
DIBOHFT JO DFMMVMBS FOFSHZ IPNFPTUBTJT GPS FYBNQMF UP SFHVMBUF
HFOF FYQSFTTJPO PS NFUBCPMJD BDUJWJUZ 	

5IF TJHOJGJDBODF PG /"%EFQFOEFOU TJHOBMMJOH GPS /"%
IPNFPTUBTJT IBT MPOH CFFO VOEFSFTUJNBUFE *U IBT OPX CFDPNF
DMFBS UIBU JOIJCJUJPO PG /"% CJPTZOUIFTJT MFBET UP B SBQJE EFDMJOF
PG UIF DFMMVMBS /"% DPODFOUSBUJPO 	 
 5IJT PCTFSWBUJPO
EPDVNFOUT UIBU /"%EFQFOEFOU TJHOBMMJOH SFBDUJPOT DPOTVNF
TVCTUBOUJBM BNPVOUT PG /"% 5IF SFTVMUJOH /"% UVSOPWFS EJGGFST
JO B DFMMUZQFTQFDJGJD NBOOFS .FBTVSFNFOUT PG DFMMVMBS /"%
IBMGMJGF IBWF SFWFBMFE UIBU JU DBO CF BT TIPSU BT  NJOVUFT 	

5P NBJOUBJO UIF /"% DPODFOUSBUJPO BU QIZTJPMPHJDBM MFWFMT /"%
CJPTZOUIFTJT OFFET UP BDU BU BO FRVBMMZ SBQJE SBUF *NCBMBODFT
JO /"% IPNFPTUBTJT IBWF CFFO BTTPDJBUFE XJUI B OVNCFS PG
EJGGFSFOU EJTFBTFT *O UIJT DPOUFYU JU JT DPODFJWBCMF UIBU TFWFSBM
SFDFOU TUVEJFT IBWF EFNPOTUSBUFE JNQSFTTJWF IFBMUI CFOFGJUT PG
EJFUBSZ TVQQMFNFOUBUJPO XJUI JOUFSNFEJBUFT PG /"% CJPTZOUIFTJT
JODMVEJOH /BN 	
 /BN NPOPOVDMFPUJEF 	/./
 	
 BOE /BN
SJCPTJEF 	/3
 	  
 "QQBSFOUMZ UIF FYQMPJUBUJPO PG QIZTJ
PMPHJDBMMZ MFTT BDUJWF /"% CJPTZOUIFUJD SPVUFT JO BEEJUJPO UP UIF
VTF PG/BNBT QSFDVSTPS 	'JHVSF 
 SFTVMUT JO JODSFBTFE/"%DPO
DFOUSBUJPOT UIBU TUJNVMBUF CFOFGJDJBM /"%EFQFOEFOU TJHOBMMJOH
QSPDFTTFT JO QBSUJDVMBS QSPUFJO EFBDFUZMBUJPO CZ TJSUVJOT 	 

0XJOH UP UIF DPOUJOVPVT SFMFBTF PG /BN UISPVHI /"%
DPOTVNJOH TJHOBMMJOH SFBDUJPOT /"% TBMWBHF VTJOH /BN BT QSF
DVSTPS JT UIF NPTU JNQPSUBOU /"% TZOUIFTJT QBUIXBZ 5IFSF
BSF UXP QSJODJQBM QBUIXBZT UIBU SFDZDMF /BN 7FSUFCSBUFT VTF
B EJSFDU UXPTUFQ QBUIXBZ TUBSUJOH XJUI UIF DPOWFSTJPO PG /BN
JOUP UIF NPOPOVDMFPUJEF /./ DBUBMZTFE CZ /BN QIPTQIPSJ
CPTZMUSBOTGFSBTF 	/BN15
 VTJOH QIPTQIPSJCPTZM QZSPQIPTQIBUF
3IGNIlCANCE
.!$ IS BEST KNOWN AS ESSENTIAL COFACTOR OF BIOCHEMICAL RE
ACTIONS )N ADDITION IT IS INVOLVED IN THE REGULATION OF VIR
TUALLY ALL MAJOR CELLULAR EVENTS 4HESE .!$DEPENDENT REG
ULATORY FUNCTIONS ARE MEDIATED BY ENZYMES EG SIRTUINS
0!20S !$0RIBOSYL CYCLASES	 THAT CLEAVE THE MOLECULE TO
LIBERATE NICOTINAMIDE .AM	 7E SHOW THAT DIVERSIlCATION
OF .!$DEPENDENT SIGNALING IN $EUTEROSTOMIA WAS ACCOM
PANIED BY AN OPTIMIZATION OF .!$ BIOSYNTHESIS TO ENSURE
EFlCIENT HIGH AFlNITY RECYCLING OF .AM INTO .!$ THROUGH
.AMPHOSPHORIBOSYLTRANSFERASE .AM04	 )N ADDITION A .AM
METHYLTRANSFERASE ..-4	 EMERGED WHICH FACILITATES HIGH
.!$DEPENDENT SIGNALING TURNOVER BY PREVENTING ACCUMULA
TION OF INHIBITORY .AM 4HIS UNEXPECTED KINETIC INTERPLAY BE
TWEEN.AM04 AND..-4NEEDS TO BE CONSIDERED IN THERAPEUTIC
STRATEGIES TARGETING THESE ENZYMES
2ESERVED FOR 0UBLICATION &OOTNOTES
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&IG  3CHEMATIC OVERVIEW OF .!$ BIOSYNTHESIS PATHWAYS .!$ CAN BE
SYNTHESISED FROM TRYPTOPHAN 4RP	 NICOTINAMIDE .AM	 NICOTINIC ACID .!	
AND THE CORRESPONDING RIBOSIDES .2 AND .!2 .AM IS THE MAIN PRECURSOR
IN HUMANS AND ALSO THE PRODUCT OF .!$CONSUMING SIGNALLING REACTIONS BY
ENZYMES SUCH AS SIRTUINS .!$DEPENDENT DEACYLASES	 OR 0!20S POLY!$0
RIBOSE POLYMERASES	 &OR THE RECYCLING OF .AM TWO DIFFERENT PATHWAYS EXIST
4HE PATHWAY FOUND IN YEAST PLANTS ANDMANY BACTERIA STARTS WITH THE DEAMI
DATION OF .AMBY.AMDEAMIDASE .!$!	 &URTHER BIOSYNTHESIS VIA THE 0REISS
(ANDLER PATHWAY WHICH ALSO EXISTS IN VERTEBRATES REQUIRES THREE SUBSE
QUENT ENZYMATIC STEPS CATALYSED BY .ICOTINIC ACID PHOSPHORIBOSYLTRANSFERASE
.!024	 .ICOTINIC ACID.ICOTINAMIDE MONONUCLEOTIDE ADENYLYLTRANSFERASE
.-.!4	 AND .!$ SYNTHASE .!$3	 )N VERTEBRATES .AM IS DIRECTLY CONVERTED
TO NICOTINAMIDE MONONUCLEOTIDE .-.	 BY .AM PHOSPHORIBOSYLTRANSFERASE
.AM04	 4HE .AM .METHYLTRANSFERASE ..-4	 DEGRADES .AM TO METHYL
.AM -.AM	 WHICH INMAMMALS IS EXCRETEDWITH THE URINE 4HE COLOUR CODE
FOR THE THREE DIFFERENT ENZYMES UTILIZING .AM IS USED IN SUBSEQUENT lGURES
TO DENOTE THE PRESENCE OF THESE ENZYMES IN DIFFERENT ORGANISMS
	1311
 BT DPTVCTUSBUF "U MFBTU JO NBNNBMT B OFBSMZ DPNQMFUF
SFDZDMJOH PG /BNCZ/BN15 JT BDIJFWFE CZ BO FYUSBPSEJOBSJMZ IJHI
TVCTUSBUF BGGJOJUZ UP /BN UIF ,. CFJOH JO UIF MPX OBOPNPMBS
SBOHF 	
 5IJT BQQFBST UP CF NFEJBUFE CZ BO "51EFQFOEFOU
QIPTQIPSZMBUJPO PG B IJTUJEJOF SFTJEVF JO UIF DBUBMZUJD DPSF 	

%FTQJUF UIF JNQPSUBODF PG JUT TBMWBHF /BN DBO BMTP CF NBSLFE
GPS FYDSFUJPO CZ NFUIZMBUJPO 5IJT SFBDUJPO JT DBUBMZTFE CZ /BN
/NFUIZMUSBOTGFSBTF 	//.5
 5IF QSFTFODF PG UIJT FO[ZNF JO
WFSUFCSBUFT 	
 JT BNPOH UIFNPTU FOJHNBUJD BOE DPVOUFSJOUVJUJWF
GFBUVSFT PG /"% NFUBCPMJTN 8IJMF /BN15 JT TFFNJOHMZ PQUJ
NJTFE UP SFDZDMF FWFO UIF GBJOUFTU BNPVOUT PG/BNCBDL JOUP/"%
TZOUIFTJT //.5 TFFNT UP IBWF OPNFUBCPMJD GVODUJPO PUIFS UIBO
UP SFNPWF /BN GSPN /"% NFUBCPMJTN )PXFWFS TJODF //.5
VTFT UIF HFOFSBM NFUIZMBUJPO TPVSDF 4BEFOPTZMNFUIJPOJOF JU IBT
CFFO TVHHFTUFE UIBU /BN NFUIZMBUJPO NBZ BDU BT B NFUBCPMJD
NFUIZMBUJPO TJOL 	

*O NPTU QSPLBSZPUFT BT XFMM BT JO QMBOUT BOE GVOHJ BOPUIFS
QBUIXBZ DPOTJTUJOH PG GPVS SFBDUJPOT TUBSUJOH XJUI UIF EFBNJEBUJPO
PG /BN UP OJDPUJOJD BDJE 	/"
 CZ UIF /BN EFBNJEBTF 	/"%"

JT VTFE 	'JHVSF 
 5IF UISFF FO[ZNFT UIBU BDU EPXOTUSFBN PG
/"%" CFMPOH UP UIF 1SFJTT)BOEMFS QBUIXBZ UIBU BMTP FYJTUT JO
WFSUFCSBUFT *O UIJT QBUIXBZ /" JT DPOWFSUFE JOUP UIF DPSSFTQPOE
JOH NPOPOVDMFPUJEF 	/"./
 JO B SFBDUJPO QFSGPSNFE CZ UIF
/"TQFDJGJD QIPTQIPSJCPTZMUSBOTGFSBTF /"135 5IF DPOWFSTJPO
PG CPUI NPOPOVDMFPUJEFT /./ BOE /"./ JOUP UIFJS DPSSF
TQPOEJOH EJOVDMFPUJEFT /"% BOE /""% JT DBUBMZTFE CZ UIF
/BN/" BEFOZMZMUSBOTGFSBTFT 	/./"5T
 UIBU BSF FTTFOUJBM JO BMM
PSHBOJTNT 	
 5IF SFDZDMJOH QBUIXBZ WJB /" GJOBMMZ SFRVJSFT
SFBNJEBUJPO PG /""% CZ /"% TZOUIBTF 5IJT GJOBM SFBDUJPO
&IG  0HYLOGENETIC DISTRIBUTION OF .!$! ..-4 AND .AM04 AND THEIR
RELATION TO THE NUMBER OF .!$ CONSUMERS !	 $ISTRIBUTION OF .!$! ..-4
AND .AM04 IN SELECTED CLADES .!$! IS DOMINANT IN BACTERIA FUNGI AND
PLANTS 6IRIDIPLANTAE	 WHEREAS .AM04 TOGETHER WITH ..-4 IS DOMINANT IN
-ETAZOA .UMBERS AT THE PIE CHARTS SHOW THE PERCENTAGE OF SPECIES PER
CLADE WHICH POSSESS THE RESPECTIVE ENZYME COMBINATION INDICATED BY THE
COLOUR CODE EXPLAINED IN THE LOWER RIGHT OF THE lGURE N  NUMBER OF SPECIES
PER CLADE INCLUDED IN THE ANALYSIS	 "	 #OMMON TREE OF SELECTED CLADES WITHIN
-ETAZOA INCLUDING  SPECIES 4HE PIE CHARTS INDICATE THE DISTRIBUTION OF
SPECIES WITHIN THE RESPECTIVE CLADE THAT ENCODE THE ENZYME COMBINATION
INDICATED BY THE DIFFERENT COLOURS 4HE SIZE OF THE PIE CHARTS IS PROPORTIONAL
TO THE LOGARITHM OF THE NUMBER OF SPECIES ANALYSED IN THE PARTICULAR CLADE
4HE NUMBERS BELOW THE CLADE NAMES INDICATE THE AVERAGE NUMBER OF .!$
CONSUMING ENZYME FAMILIES FOUND IN ALL SPECIES OF THAT CLADE 4HE BRANCH
LENGTH IS ARBITRARY ! DETAILED ANALYSIS OF BIRDS IS PROVIDED IN 3) !PPENDIX
&IGURE 3 AND THE TEMPLATE SEQUENCES USED FOR THE ANALYSIS ARE LISTED IN 3)
!PPENDIX 4ABLE 3
JODMVEFT BO FO[ZNF BEFOZMBUJPO TUFQ UIBU DPOTVNFT "51 5IFSF
GPSF UIF /BN SFDZDMJOH CZ /"%" BQQFBST UP CF FOFSHFUJDBMMZ MFTT
FGGJDJFOU UIBO UIF SFDZDMJOH QBUIXBZ TUBSUJOH XJUI /BN15
8F BOE PUIFST IBWF TIPXO FBSMJFS UIBU UIF UXP /"% CJPTZO
UIFTJT QBUIXBZT TUBSUJOH GSPN /BN 	'JHVSF 
 DPFYJTU JO TPNF
FVLBSZPUFT 	 
 BT XFMM BT JO TPNF CBDUFSJBM TQFDJFT 	

8IZ UIFTF QBUIXBZT DPFYJTU JO TPNF PSHBOJTNT BOE PWFS B WFSZ
MPOH FWPMVUJPOBSZ UJNF GSBNF BOE XIZ /"%" OFWFSUIFMFTT EJT
BQQFBSFE JO WFSUFCSBUFT JT OPU LOPXO 8IFUIFS UIF PDDVSSFODF
PG //.5 NBZ IBWF DPOUSJCVUFE UP UIFTF FWPMVUJPOBSZ QSPDFTTFT
IBT BMTP SFNBJOFE VOFYQMPSFE
*O UIF QSFTFOU TUVEZ XF QFSGPSNFE B DPNQSFIFOTJWF QIZ
MPHFOFUJD BOBMZTJT PG UIF /"% QBUIXBZT VTJOH  FVLBSZPUJD
BOE  QSPLBSZPUJD HFOPNFT 5IJT MBSHF TDBMF BOBMZTJT SFWFBMFE
UIBU UIFSF IBT CFFO BO FWPMVUJPOBSZ USBOTJUJPO SFTVMUJOH JO UIF
DPFYJTUFODF PG /BN15 BOE //.5 JO %FVUFSPTUPNJB XIJMF UIF
EFBNJEBUJPO QBUIXBZ XIJDI JT EPNJOBOU JO CBDUFSJB CFDBNF
TVQFSGMVPVT *NQPSUBOUMZ UIJT TFMFDUJPO GPS /BN15 BOE //.5
XBT BDDPNQBOJFE CZ B NBSLFE JODSFBTF JO UIF OVNCFS PG /"%
DPOTVNJOH TJHOBMMJOH FO[ZNFT .BUIFNBUJDBM NPEFMMJOH PG UIF
QBUIXBZ SFWFBMFE BO VOFYQFDUFE QPTJUJWF LJOFUJD SPMF PG //.5
GPS /"%DPOTVNJOH TJHOBMMJOH GMVYFT UISPVHI QSFWFOUJPO PG BD
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&IG  ..-4 ENABLES HIGH .!$ CONSUMPTION mUX AND IS A POTENTIAL
DRIVER OF .AM04 AFlNITY INCREASE ! DYNAMIC MODEL OF .!$ BIOSYNTHESIS
AND CONSUMPTION FOR DETAILS SEE -ETHODS AND -ATERIALS AND 3) !PPENDIX
4ABLE 3	 WAS USED TO SIMULATE !	 STEADY STATE .!$ CONSUMPTION mUX AND "	
.!$ CONCENTRATION %XCEPT FOR THE RESULTS SHOWN AS DASHED LINE IN ! AND
" THE ENZYME AMOUNTS WERE KEPT CONSTANT FOR ALL SIMULATIONS SHOWN )N
THE PRESENCE OF ..-4 BLUE CURVES	 STEADY STATE .!$ CONSUMPTION RATES
ARE HIGHER DESPITE REDUCED .!$ CONCENTRATIONS )NCREASING THE AMOUNT OF
.AM04 IN THE SIMULATION THREEFOLD DOTTED BLUE CURVES	 PARTIALLY COMPEN
SATES FOR THE DECREASED .!$ CONCENTRATION CAUSED BY .AM DEGRADATION
THROUGH ..-4 4HE POTENTIAL EFFECT OF DIFFERENT AFlNITIES OF .AM04 FOR
.AM INVERSELY PROPORTIONAL TO THE -ICHAELIS-ENTEN CONSTANT +-	 ON THE
STEADY STATE .!$ CONSUMPTION mUX AND .!$ CONCENTRATION WAS SIMULATED AT
DIFFERENT CELL DIVISION RATES )N THE ABSENCE OF ..-4 THE AFlNITY OF .AM04
HAS LITTLE INmUENCE ON #	 .!$ CONSUMPTION AND $	 .!$ CONCENTRATION
BUT BOTH ARE STRONGLY INmUENCED BY CELL DIVISION RATES % AND &	 IN THE
PRESENCE OF ..-4 INCREASING AFlNITY OF .AM04 ENABLES INCREASING .!$
CONSUMPTION mUX AND .!$ CONCENTRATION 4HE PRESENCE OF ..-4 MAKES
BOTH .!$ CONSUMPTION mUX AND CONCENTRATION ALMOST INDEPENDENT OF CELL
DIVISION RATES ' AND (	 CALCULATED .!$ CONSUMPTION mUXES AND FREE .!$
CONCENTRATIONS RESPECTIVELY ARE SHOWN FOR THE ASSUMPTION OF HIGH AFlNITY
OF .AM04 +-   N- AS FOUND IN THE HUMAN ENZYME	 AND LOW AFlNITY 
w- DASHED LINES	 #OMPARING THE SITUATION WITH AND WITHOUT ..-4 REVEALS
THAT AT LOW SUBSTRATE AFlNITY OF .AM04 AND HIGH CELL DIVISION RATES ..-4
NO LONGER ENABLES HIGHER .!$ CONSUMPTION RATES COMPARED TO .AM04 ALONE
GREEN CURVES AND DASHED GREY CURVES	
DVNVMBUJPO PG /BN UIF QSPEVDU PG /"%EFQFOEFOU TJHOBMMJOH
SFBDUJPOT *O BEEJUJPO PVS NPEFM QSFEJDUT UIBU //.5 MJLFMZ
FYFSUFE BO FWPMVUJPOBSZ QSFTTVSF PO /BN15 UP EFWFMPQ B IJHI
&IG  %VOLUTIONARY OPTIMALITY OF THE SUBSTRATE AFlNITIES OF HUMAN ..-4
AND .AM04 7E SIMULATED THE IMPACT OF CHANGES IN THE SUBSTRATE AFlNITIES
OF BOTH .AM04 AND ..-4 ON !	 .!$ CONSUMPTION RATES "	 FREE .!$
CONCENTRATION #	 .AM04..-4 mUX RATIO AND $	 .AM CONCENTRATION 7ITH
INCREASING AFlNITY OF .AM04 DECREASING +-	 BUT DECREASING AFlNITY OF
..-4 INCREASING +-	 .!$ CONSUMPTION RATES AND FREE .!$ CONCENTRATIONS
AS WELL AS THE RATIO BETWEEN .AM04 AND ..-4 mUX ARE AUGMENTED 4HE
AFlNITIES REPORTED FOR HUMAN ENZYMES INDICATED BY A BLACK ASTERISK	 APPEAR
TO BE IN THE OPTIMAL RANGE ACCORDING TO OUR SIMULATIONS 4HE STEADY STATE
CONCENTRATION OF .AM IS LARGELY INDEPENDENT OF THE SUBSTRATE AFlNITY OF
.AM04 BUT STRONGLY DEPENDENT ON THE AFlNITY OF ..-4
BGGJOJUZ UPXBSET JUT TVCTUSBUF /BN *OEFFE XF JEFOUJGJFE B TIPSU
TFRVFODF JOTFSUJPO JO /BN15 XIJDI GJSTU PDDVST JO %FVUFSPTUP
NJB BOE BQQFBST UP NPEVMBUF UIF BGGJOJUZ PG /BN15 4JNVMBUJOH
SFTPVSDF DPNQFUJUJPO XF GVSUIFSNPSF TIPX UIBU UIF QSFTFODF PG
IJHI BGGJOJUZ /BN15 UPHFUIFS XJUI //.5 NBLFT UIF /"%"
EFQFOEFOU QBUIXBZ PCTPMFUF QSPWJEJOH B SBUJPOBMF GPS UIF FWP
MVUJPOBSZ USBOTJUJPO PG UIF QBUIXBZ JO .FUB[PB
5BLFO UPHFUIFS PVS BOBMZTFT TVHHFTU UIBU UIF DPFYJTUFODF
PG /BN15 BOE //.5 IBT CFFO B QSFSFRVJTJUF UP FOBCMF UIF
FWPMVUJPOBSZ EFWFMPQNFOU PG WFSTBUJMF/"%EFQFOEFOU TJHOBMMJOH
NFDIBOJTNT QSFTFOU JO WFSUFCSBUFT
2ESULTS
1BSBEPYJDBM FWPMVUJPOBSZ DPSSFMBUJPO CFUXFFO /"%EFQFOEFOU TJH
OBMMJOH BOE QSFDVSTPS NFUBCPMJTN
5P VOEFSTUBOE UIF GVODUJPOBM SPMFT BOE QPUFOUJBM JOUFSQMBZ
CFUXFFO UIF UISFF LOPXO FO[ZNFT UIBU VTF /BN BT TVCTUSBUF
	/BN15 /"%" BOE //.5 'JHVSF 
 XF DPOEVDUFE B DPN
QSFIFOTJWF BOBMZTJT PG UIF QIZMPHFOFUJD EJTUSJCVUJPO PG UIFTF UISFF
FO[ZNFT "T TIPXO JO 'JHVSF " CBDUFSJB GVOHJ BOE QMBOUT
QSFEPNJOBOUMZ QPTTFTT /"%" BOE POMZ B WFSZ MJNJUFE OVNCFS PG
TQFDJFT IBSCPVS /BN15 *O DPOUSBTU NPTU .FUB[PB MPTU /"%"
BOE SBUIFS QPTTFTT /BN15 UPHFUIFS XJUI //.5 /"%" BOE
/BN15 UIF UXP FO[ZNFT UIBU JOJUJBUF UIF UXP EJGGFSFOU /"%
TBMWBHF QBUIXBZT TIPX B TDBUUFSFE EJTUSJCVUJPO JO CBDUFSJB $P
PDDVSSFODF PG UIFTF FO[ZNFT JT SBUIFS SBSF BOE IBT PDDBTJPOBMMZ
CFFO GPVOE JO CBDUFSJB 	
 BOE TPNF NBSJOF JOWFSUFCSBUFT 	

//.5 TFFNT UP IBWF BSJTFO EF OPWP PS EJWFSHFE SBQJEMZ JO
UIF NPTU SFDFOU DPNNPO BODFTUPS PG &DEZTP[PB BOE -PQIPUSP
DIP[PB 	'JHVSF #
 8F XFSF VOBCMF UP GJOE BOZ JOEJDBUJPO GPS
UIF QSFTFODF PG //.5 JO GVOHJ PS QMBOUT 	#MBTUQ FWBMVF DVUPGG

 *OUFSFTUJOHMZ /" DBO CF NFUIZMBUFE UP USJHPOFMMJOF JO QMBOUT
BOE CBDUFSJB 	
 CVU UIF DPSSFTQPOEJOH FO[ZNF IBT OP IPNPMPHZ
UP //.5 PS BOZ PUIFS FO[ZNF JO .FUB[PB /FNBUPEFT BSF UIF
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&IG  4HE FUNCTION OF THE STRUCTURALLY UNRESOLVED LOOP OF .AM04 !	 ! MULTIPLE SEQUENCE ALIGNMENT OF .AM04 REVEALED A SEQUENCE INSERTION IN THE .
TERMINAL REGION OF THIS ENZYME IN MOST $EUTEROSTOMIA THAT POSSESS .AM04 AND ..-4 4HE RELEVANT SEQUENCE SECTION IS SHOWN FOR SELECTED ORGANISMS !
MORE COMPREHENSIVE ALIGNMENT CAN BE FOUND IN 3) !PPENDIX &IGURE 3 #OLOURED CIRCLES INDICATE THE ENZYMES PRESENT IN THE RESPECTIVE SPECIES BLUE .AM04
AND ..-4 BLACK .AM04 .!$! AND ..-4 YELLOW .AM04 AND .!$! "	 4HE STRUCTURE VISUALISATION OF HUMAN .AM04 IS BASED ON A STRUCTURE PREDICTION
BY 37)33-/$%,  	 USING THE MODEL ($ OF THE HUMAN .AM04 AS TEMPLATE 	 4HE REGION CORRESPONDING TO AMINO ACIDS  SHOWN IN RED	 IN
THE HUMAN ENZYME IS NOT RESOLVED IN ANY OF THE CURRENTLY AVAILABLE CRYSTAL STRUCTURES OF .AM04 AND THUS APPEARS TO BE A mEXIBLE LOOP AT THE SURFACE OF THE
.AM04 DIMER #	 #ONFOCAL LASER SCAN MICROGRAPHS OF (E,A3 CELLS EXPRESSING #TERMINALLY &,!'TAGGED WILDTYPE WT	 AND MUTANT ˂ .AM04 LACKING THE
UNRESOLVED LOOP "OTH PROTEINS SHOWED A HETEROGENEOUS NUCLEARCYTOSOLIC LOCALISATION .UCLEI WERE STAINED WITH $!0) 4HE #TERMINALLY &,!'TAGGED HUMAN
POLY!$0RIBOSE GLYCOHYDROLASE ISOFORM 0!2' WAS USED AS A CONTROL FOR EXCLUSIVE CYTOSOLIC LOCALIZATION SCALE BARS   wM	 $	 -EASUREMENT OF .AM04
WILDTYPE AND ˂ MUTANT	 ENZYMATIC ACTIVITY IN THE PRESENCE OF  M- OR  w- SUBSTRATE .AM AND 0200	 WITH OR WITHOUT M- !40 .$ NO DETECTION
OF THE REACTION PRODUCT .-.	 4HE PVALUE WAS CALCULATED USING NONPARAMETRIC ONETAILED -ANN7HITNEY TEST 4HE (ISTAGGED PROTEINS WERE EXPRESSED IN %
COLI AND PURIlED AS DESCRIBED IN -ETHODS AND -ATERIALS SEE ALSO 3) !PPENDIX &IGURE 3	 %	-OLECULAR DYNAMICS SIMULATIONS WERE PERFORMED FOR WILDTYPE RED	
AND ˂ .AM04 BLUE	 2OOT MEAN SQUARE mUCTUATIONS 2-3&	 FOR EVERY RESIDUE OF CHAIN ! ARE SHOWN TOP	 4HE DIFFERENCE 2-3& FOR EVERY RESIDUE IS SHOWN
IN THE LOWER PANEL GREEN	 &OR BETTER COMPARISON THE RESIDUE )$S FOR ˂ .AM04 ARE ALIGNED TO ACCORD WITH THE WILDTYPE STRUCTURE AND THE AVERAGE 2-3&
OF RESIDUES  AND  DISPLAYED IN THE BLUE CURVE BETWEEN THESE RESIDUES &OR THE 2-3& CALCULATION THE lRST  NS OF THE SIMULATION ARE OMITTED TO ALLOW
EQUILIBRATION )N ADDITION ROOT MEAN SQUARE DEVIATION 2-3$	 VALUES BETWEEN DIFFERENT PUBLISHED STRUCTURES OF HUMAN .AM04 STRUCTURES WERE CALCULATED AND
PRESENTED IN 3) !PPENDIX4ABLE 3 AND &IGURE 3 4HE ORANGE LINES INDICATE THE POSITION OF RESIDUES INVOLVED IN SUBSTRATE BINDING ACCORDING TO "URGOS ET AL
 	
POMZ PSHBOJTNT JO XIJDI XF PCTFSWFE B DPODPNJUBOU QSFTFODF
PG /"%" BOE //.5 *O %FVUFSPTUPNJB UIF POMZ MBSHF DMBEF
UIBU QPTTFTTFT POMZ /BN15 BOE TFFNT UP IBWF MPTU //.5 BSF
4BVSPQTJEB BOE BNPOH UIFN FTQFDJBMMZ CJSET 5IF SFBTPO XIZ
BCPVU IBMG PG UIF TFRVFODFE CJSE HFOPNFT EP OPU TFFN UP IBSCPVS
//.5 SFNBJOT VODMFBS 5IF EJTUSJCVUJPO PG //.5 JO CJSET
JT RVJUF TDBUUFSFE 	4* "QQFOEJY 'JHVSF 4
 *U JT QPTTJCMF UIBU
EFUFDUJPO PG //.5 JO TPNF CJSE HFOPNFT GBJMFE CFDBVTF PG UIFJS
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&IG  ..-4 PROVIDES A COMPETITIVE ADVANTAGE AND MAKES .!$! OB
SOLETE IN VERTEBRATES 4O SIMULATE COMPETITION FOR COMMON RESOURCES A
TWOCOMPARTMENT MODEL WAS CREATED SEE -ETHODS AND -ATERIALS AND 3)
!PPENDIX 4ABLE 3	 )N THIS MODEL ONE COMPARTMENT CONTAINED .!$! BUT NO
.AM04 AND THE OTHER COMPARTMENT CONTAINED .AM04 EITHER WITH OR WITHOUT
..-4 BUT NO .!$! .!$! AND .AM04 WERE SIMULATED TO BE PRESENT AT
EQUAL AMOUNTS !	 )N THE ABSENCE OF ..-4 THE COMPARTMENT CONTAINING
.!$! HAS A HIGHER .!$ CONSUMPTION RATE AND "	 A CONSIDERABLY HIGHER
STEADY STATE .!$ CONCENTRATION #	 )N THE PRESENCE OF ..-4 HOWEVER
BOTH .!$ CONSUMPTION AND $	 .!$ CONCENTRATION ARE LOWER IN THE .!$!
COMPARTMENT 4HIS EFFECT IS DEPENDENT ON A HIGH AFlNITY OF .AM04 FOR .AM
&IG  3CHEMATIC REPRESENTATION OF EVOLUTIONARY EVENTS IN THE .!$ BIOSYN
THESIS PATHWAY 4HE SCHEME ILLUSTRATES MAJOR EVOLUTIONARY EVENTS IN -ETAZOA
DETECTED IN OUR PHYLOGENETIC ANALYSES OF .!$ METABOLISM 4HE TIME OF
OCCURRENCE OF HUMAN LIKE .-.!4 AND  HAS BEEN REPORTED PREVIOUSLY	
AND IDENTIlED THAT HUMANLIKE .-.!4 MOST LIKELY ORIGINATED IN THE LAST
COMMON ANCESTOR ,#!	 OF VERTEBRATES WHILE HUMANLIKE .-.!4 CAN
BE TRACED BACK TO THE ,#! OF 0LACENTALIA 3) !PPENDIX &IGURE 3	 4O TEST
WHETHER THE RISE OF HUMAN LIKE .-.!4S WAS ASSOCIATED WITH AN EVENT
OF RAPID SEQUENCE DIVERSIlCATION IN ..-4 WE CONDUCTED A TEST OF POSITIVE
SELECTION SPECIlC TO THE BRANCH LEADING TO THE ,#! OF 0LACENTALIA USING
A CODING $.! SUBSTITUTION RATE RATIO MODEL )NDEED WE OBTAIN A STRONG
SIGNATURE OF POSITIVE SELECTION FOR ..-4 IN THE TESTED BRANCH AND CAN
PINPOINT RESIDUE  AS BEING SIGNIlCANTLY ASSOCIATED WITH THE SIGNATURE
OF POSITIVE SELECTION 3) !PPENDIX&IGURES 3 AND 3	 3PECIlC EVENTS IN THE
EVOLUTION OF .-.!4S COINCIDE WITH THOSE OF .AM04 OR ..-4 INDICATING A CO
EVOLUTION OF FUNCTIONS BEYOND THOSE IDENTIlED IN THE PRESENT STUDY 4HE TREE
IS A SCHEMATIC REPRESENTATION OF SELECTED TAXA AND IS BASED ON INFORMATION
PROVIDED BY THE 4REE OF LIFE 7EB 0ROJECT 	
IJHI ($ DPOUFOU 	
 PS CFDBVTF PG EJGGJDVMUJFT JO BTTFNCMJOH WFSZ
TNBMM DISPNPTPNFT DPNNPOMZ GPVOE JO CJSET 5IF BCTFODF PG
//.5 NJHIU BMUFSOBUJWFMZ CF SFMBUFE UP UIF EJGGFSFODFT JO UIF
FYDSFUJPO TZTUFNT *O NBNNBMT UIF QSPEVDU PG //.5 NFUIZM
/BN JT FYDSFUFE XJUI UIF VSJOF 5IFSF BSF GFX NFUB[PBO TQFDJFT
GPS XIJDI XF DPVME OPU GJOE /BN15 PS /"%" XIJMF //.5 XBT
EFUFDUFE 8F BTTVNF UIBU UIJT JT EVF UP JODPNQMFUF HFOPNFT JO
UIF EBUBCBTF BT UIFTF TQFDJFT BSF TDBSDF BOE UIFJS EJTUSJCVUJPO
BQQFBST UP CF SBOEPNMZ TDBUUFSFE
*O BEEJUJPO UP UIF QIZMPHFOFUJD EJTUSJCVUJPO PG UIF UXP /BN
TBMWBHF FO[ZNFT /"%" BOE /BN15 XF BOBMZTFE UIF QIZMPHF
OFUJD EJWFSTJUZ PG FO[ZNFT DBUBMZTJOH /"%EFQFOEFOU TJHOBMMJOH
SFBDUJPOT 5P EP TP XF VTFE UIF QSFWJPVTMZ FTUBCMJTIFE DMBTTJGJ
DBUJPO JOUP UFO EJGGFSFOU GBNJMJFT PG /"%DPOTVNJOH TJHOBMMJOH
FO[ZNFT 	
 JODMVEJOH 1"31 1"31 1"31 1"31
 1"31 TJSUVJOT UBOLZSBTFT "%13DZDMBTFT NPOP"%1
SJCPTZMUSBOTGFSBTFT BOE U3/"QIPTQIPUSBOTGFSBTFT 5IF EF
UBJMFE MJTU PG UFNQMBUFT VTFE GPS UIF QIZMPHFOFUJD BOBMZTFT DBO CF
GPVOE JO 4* "QQFOEJY 5BCMF 4 5IF OVNCFST TIPXO JO 'JHVSF
# EFOPUF UIF BWFSBHF OVNCFS PG /"%EFQFOEFOU TJHOBMMJOH
FO[ZNF GBNJMJFT GPVOE JO FBDI DMBEF 	GPS B EFUBJMFE EJTUSJCVUJPO
TFF 4* "QQFOEJY 5BCMF 4
 8JUI UIF FYDFQUJPO PG $OJEBSJB BOE
-PQIPUSPDIP[PB XF OPUFE BO BWFSBHF PG UISFF UP GPVS GBNJMJFT JO
QSPUPTUPNFT XIFSFBT NPTU EFVUFSPTUPNF TQFDJFT IBWF PO BWFS
BHF NPSF UIBO FJHIU GBNJMJFT XJUI BO JODSFBTJOH EJWFSTJGJDBUJPO PG
FO[ZNFT XJUIJO TPNF PG UIFTF GBNJMJFT FTQFDJBMMZ 1"31T 	

5BLFO UPHFUIFS XF GPVOE UIBU /"%" JT MPTU JO WFSUFCSBUFT
CVU TUSPOHMZ QSFTFSWFE JO NPTU PUIFS PSHBOJTNT EFTQJUF UIF
IJHIFS FOFSHFUJD SFRVJSFNFOU PG UIJT QBUIXBZ .PSFPWFS UIF
USBOTJUJPO UP IBWJOH CPUI /BN15 BOE //.5 DPJODJEFT XJUI B
DPOTJEFSBCMF EJWFSTJGJDBUJPO PG /"%EFQFOEFOU TJHOBMMJOH 5IJT
PCTFSWBUJPO TFFNT DPVOUFSJOUVJUJWF BT POF XPVME FYQFDU UIBU
JODSFBTFE /"%EFQFOEFOU TJHOBMMJOH TIPVME CF DPNQFOTBUFE CZ
BO JODSFBTFE FGGJDJFODZ PG TVCTUSBUF 	/BN
 VUJMJ[BUJPO GPS /"%
CJPTZOUIFTJT 4JODF //.5 SFNPWFT /BN GSPN SFDZDMJOH JOUP
/"% JU JT OPU PCWJPVT IPX UIJT FO[ZNF DPVME DPOUSJCVUF UP IJHIFS
/"% UVSOPWFS
'VODUJPOBM QSPQFSUJFT PG /BN15 BOE //.5 IBWF FWPMWFE UP
NBYJNJTF /"%EFQFOEFOU TJHOBMMJOH
5P SFTPMWF UIJT BQQBSFOU DPOUSBEJDUJPO XF UVSOFE UP NPE
FMMJOH BQQSPBDIFT QFSNJUUJOH UP TJNVMBUF UIF CFIBWJPVS PG UIF
DPNQMFY /"%NFUBCPMJD OFUXPSL VOEFS EJGGFSFOU DPOEJUJPOT 8F
CVJMU B EZOBNJD NPEFM PG /"% NFUBCPMJTN CBTFE PO PSEJOBSZ
EJGGFSFOUJBM FRVBUJPOT VTJOH QSFWJPVTMZ SFQPSUFE LJOFUJD EBUB 	GPS
EFUBJMT TFF .FUIPET BOE .BUFSJBMT BOE 4* "QQFOEJY 5BCMF 4

(JWFO UIF SBUIFS MJNJUFE JOGPSNBUJPO BCPVU TQFDJFTTQFDJGJD
FYQSFTTJPO MFWFMT PG FO[ZNFT XF GJSTU BTTVNFE FRVBM FYQSFTTJPO PG
BMM FO[ZNFT UIFSFCZ FOBCMJOH BO JOJUJBM DPNQBSJTPO PG NFUBCPMJD
GFBUVSFT JO SBUIFS EJGGFSFOU PSHBOJTNT .PSFPWFS EVF UP UIF
MBDL PG TQFDJGJD LJOFUJD EBUB GSPN NPTU PSHBOJTNT XF NBJOMZ
SFMJFE PO LJOFUJD DPOTUBOUT GPVOE GPS IVNBO PS ZFBTU FO[ZNFT
8IFSFWFS QPTTJCMF XF JODMVEFE TVCTUSBUF BGGJOJUJFT BOE LOPXO
QSPEVDU JOIJCJUJPOT BT XFMM BT JOIJCJUJPO CZ EPXOTUSFBN NFUBCP
MJUFT TVDI BT UIF JOIJCJUJPO PG /BN15 CZ /"% 	
 'JOBMMZ UIF
NPEFMT BTTVNFE UIBU DFMM HSPXUI BOE DPOTFDVUJWF DFMM EJWJTJPOT
BSF B NBKPS ESJWJOH GPSDF GPS /"% CJPTZOUIFTJT CFTJEFT /"%
DPOTVNJOH SFBDUJPOT
'JSTU XF BEESFTTFE UIF PCTFSWFE QIZMPHFOFUJD DPSSFMBUJPO CF
UXFFO UIF USBOTJUJPO UP UIF DPPDDVSSFODF PG /BN15 BOE //.5
BOE UIF JODSFBTF JO UIF OVNCFS PG /"%DPOTVNJOH FO[ZNFT 8F
DBMDVMBUFE TUFBEZ TUBUF /"% DPODFOUSBUJPOT BOE /"% DPOTVNQ
UJPO GMVYFT CZ TJNVMBUJOH /"% CJPTZOUIFTJT WJB /BN15 JO UIF
QSFTFODF PS BCTFODF PG //.5 	'JHVSF  " BOE #
 %VF UP UIF
WFSZ MPX UVSOPWFS OVNCFS PG /BN15 	∼T
 XF VTFE GPME
IJHIFS /BN15 MFWFMT DPNQBSFE UP UIF PUIFS FO[ZNFT UP BDIJFWF
GSFF /"% DPODFOUSBUJPOT JO UIF SBOHF SFQPSUFE JO UIF MJUFSBUVSF
	
 /"% DPODFOUSBUJPOT DBO CF GVSUIFS JODSFBTFE XJUI IJHIFS
/BN15 MFWFMT 	TFF 4*"QQFOEJY 'JHVSF 4" BOE#
 4JODF/BN15
MJNJUT UIF GMVY DIBOHJOH /./"5 MFWFMT IBE OP FGGFDU VOEFS UIF
DPOEJUJPOT UFTUFE 	4* "QQFOEJY 'JHVSF 4 " BOE #

4VSQSJTJOHMZ PVS TJNVMBUJPOT QSFEJDU UIBU UIF QSFTFODF PG
//.5 FOBCMFT IJHIFS SBUIFS UIBO MPXFS /"% DPOTVNQUJPO
GMVYFT 	'JHVSF "
 BMUIPVHI JU EJNJOJTIFT UIF TUFBEZ TUBUF DPODFO
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USBUJPO PG /"% 	'JHVSF #
 5IF EFDMJOF JO /"% DPODFOUSBUJPO
DBO CF DPNQFOTBUFE CZ B IJHIFS FYQSFTTJPO PG /BN15 XIJDI
BMTP GVSUIFS JODSFBTFT /"% DPOTVNQUJPO GMVY 	EBTIFE MJOFT JO
'JHVSF " BOE #
 5IFTF SFTVMUT JOEJDBUF B TUJNVMBUPSZ SPMF GPS
//.5 TPMFMZ PO UIF CBTJT PG UIF FO[ZNF LJOFUJDT XJUIPVU IBWJOH
UP JOWPLF BOZ SFHVMBUPSZ NFDIBOJTN 	TVDI BT TJHOBMMJOH FWFOUT

*U UVSOT PVU UIBU UIFTF SFTVMUT DBO CF FYQMBJOFE PO UIF CBTJT PG
UIF LJOFUJD QBSBNFUFST PG /BN15 BOE /"%DPOTVNJOH FO[ZNFT
TVDI BT 4JSUVJO  	4JSU
 .PTU /"%DPOTVNJOH FO[ZNFT BSF
JOIJCJUFE CZ UIFJS QSPEVDU /BN 5IVT UIF QSFTFODF PG //.5
FOBCMFT IJHIFS /"% DPOTVNQUJPO GMVYFT CZ SFNPWJOH FYDFTT
/BN GSPN UIF TZTUFN 	4* "QQFOEJY 'JHVSF 4% BOE &
 "U
UIF TBNF UJNF B IJHI TVCTUSBUF BGGJOJUZ PG /BN15 FOTVSFT UIF
NBJOUFOBODF PG B TVGGJDJFOUMZ IJHI /"% DPODFOUSBUJPO BMUIPVHI
UIF DPODFOUSBUJPO JT BT FYQFDUFE MPXFS UIBO JO UIF TZTUFNXJUIPVU
//.5 5P WFSJGZ UIBU UIF SFMFBTF PG /BN JOIJCJUJPO JT JOEFFE
SFTQPOTJCMF GPS UIF JODSFBTF JO /"% DPOTVNQUJPO GMVY XF TJNV
MBUFE UIF OFUXPSL XJUI WBSZJOH ,J WBMVFT GPS UIF /"% DPOTVNJOH
SFBDUJPO "T DBO CF JOGFSSFE GSPN 4* "QQFOEJY 'JHVSFT 4& BOE
' JODSFBTJOH UIF ,J GPS /BN JO B TZTUFN XJUIPVU //.5 NJNJDT
UIF TJUVBUJPO XIFO //.5 JT JODMVEFE *O DPOUSBTU DIBOHJOH UIF
,J PG /BN15 GPS /"% IBT OP FGGFDU 5IBU JT EFDSFBTFE /BN15
JOIJCJUJPO CZ MPXFSFE /"% DPODFOUSBUJPOT EPFT OPU DBVTF UIF
GMVY JODSFBTF PCTFSWFE JO UIF QSFTFODF PG //.5 )PXFWFS JG UIF
/"% DPODFOUSBUJPO JT TUSPOHMZ SFEVDFE EVF UP IJHI FYQSFTTJPO
PG //.5 UIF /"% DPOTVNQUJPO EFDMJOFT BHBJO 	4* "QQFOEJY
'JHVSF 4$ BOE %

,JOFUJD QBSBNFUFST PG /BN15 XFSF QSFWJPVTMZ SFQPSUFE GPS
UIF IVNBO FO[ZNF 	
 BT XFMM BT GPS TPNF CBDUFSJBM FO[ZNFT
	
 UIF MBUUFS IBWJOH B NVDI MPXFS TVCTUSBUF BGGJOJUZ GPS /BN
8F UIVT TJNVMBUFE UIF QPUFOUJBM FGGFDU PG /BN15 BGGJOJUZ 	,.

PO /"% TUFBEZ TUBUF DPODFOUSBUJPO BOE /"% DPOTVNQUJPO GMVY
*O UIF BCTFODF PG //.5 B WBSJBUJPO PG UIF TVCTUSBUF BGGJOJUZ PG
/BN15 GPS /BN JT QSFEJDUFE UP IBWF WFSZ MJUUMF FGGFDU PO TUFBEZ
TUBUF /"% DPODFOUSBUJPO BOE /"% DPOTVNQUJPO GMVY 	'JHVSF $
BOE %
 *O UIF QSFTFODF PG //.5 IPXFWFS /"% DPOTVNQUJPO
GMVY BOE /"% DPODFOUSBUJPO XPVME SJTF XJUI JODSFBTJOH BGGJOJUZ PG
/BN15 	'JHVSF & BOE '

3FNBSLBCMZ /"% DPODFOUSBUJPO BOE DPOTVNQUJPO GMVY BSF
CPUI DPOTJEFSBCMZ BGGFDUFE CZ DFMM EJWJTJPO SBUFT JO B TZTUFN
XJUIPVU //.5 0VS TJNVMBUJPOT QSFEJDU B USBEFPGG CFUXFFO
TVTUBJOBCMF /"% DPODFOUSBUJPO BOE DPOTVNQUJPO GMVY JO UIF
BCTFODF PG //.5 *O UIF QSFTFODF PG //.5 IPXFWFS /"%
DPOTVNQUJPO SBUFT BOE DPODFOUSBUJPOT BSF BMNPTU JOEFQFOEFOU PG
DFMM EJWJTJPO SBUFT 5IFTF PCTFSWBUJPOT QPJOU UP B SPMF PG //.5
GPS /"% IPNFPTUBTJT BU WBSZJOH DFMM EJWJTJPO BOE DPOTVNQUJPO
SBUFT
(JWFO UIBU B MPXFS BGGJOJUZ PG /BN15 IBT CFFO EFTDSJCFE GPS
UIF CBDUFSJBM FO[ZNF 	
 XIFSF //.5 JT OPU QSFTFOU XF XFSF
XPOEFSJOH JG UIF BEWBOUBHF QSPWJEFE CZ //.5 JT EFQFOEFOU PO
B IJHI BGGJOJUZ PG /BN15 *O 'JHVSFT ( BOE ) XF TIPX UIF
EJSFDU DPNQBSJTPO PG TJNVMBUJPOT BTTVNJOH EJGGFSFOU BGGJOJUJFT PG
/BN15 JO UIF QSFTFODF PS BCTFODF PG //.5 *OUFSFTUJOHMZ B MPX
BGGJOJUZ UIBU JT JO UIF SBOHF PG UIF BGGJOJUZ PG /"%" GPS /BN BOE
GBS BCPWF UIPTF NFBTVSFE GPS CBDUFSJBM /BN15T MFBET UP IJHIFS
/"% DPOTVNQUJPO GMVY JO UIF QSFTFODF PG //.5 CVU POMZ XIFO
DFMM EJWJTJPO SBUFT BSF MPX 	'JHVSF (
 )PXFWFS JG UIF BGGJOJUZ PG
/BN15 JT IJHI FOPVHI 	,.   w.
 DPOTVNQUJPO SBUFT BSF
BMXBZT IJHIFS XJUI //.5 UIBO XJUIPVU 5IF /"% DPODFOUSBUJPO
JT BT XPVME CF BTTVNFE BMXBZT MPXFS XJUI //.5 	'JHVSF )

5P VOEFSTUBOE UIF JOUFSQMBZ BOE DPNQFUJUJPO GPS /BN CF
UXFFO /BN15 BOE //.5 XF DPOEVDUFE TJNVMBUJPOT JO XIJDI
XF TDBOOFE B XJEF SBOHF PG QPTTJCMF TVCTUSBUF BGGJOJUJFT GPS CPUI
FO[ZNFT "T TIPXO JO 'JHVSF  UIFTF TJNVMBUJPOT JOEJDBUF UIBU
CPUI /"% DPOTVNQUJPO GMVY BOE /"% DPODFOUSBUJPO XPVME CF
NJOJNBM JO DBTF PG B MPX TVCTUSBUF BGGJOJUZ PG /BN15 BOE IJHI
BGGJOJUZ PG //.5 $POWFSTFMZ JODSFBTJOH UIF BGGJOJUZ PG /BN15
JODSFBTFT /"% DPOTVNQUJPO /"% DPODFOUSBUJPO BOE UIF GMVY
SBUJP CFUXFFO /BN15 BOE //.5 SFBDIJOH B QMBUFBV XIFO UIF
TVCTUSBUF BGGJOJUZ PG //.5 JT TVGGJDJFOUMZ MPX 3FNBSLBCMZ BT
JOEJDBUFE CZ UIF BTUFSJTLT JO 'JHVSF " # BOE $ UIF SFQPSUFE
TVCTUSBUF BGGJOJUJFT GPS IVNBO /BN15 BOE //.5 	,. PG O.
BOE  w. SFTQFDUJWFMZ
 BSF XJUIJO UIF QSFEJDUFE PQUJNBM SBOHF
XIFSF GVSUIFS BEKVTUNFOU XPVME MFBE UP MJUUMF PS OP JODSFBTF
PG /"% DPOTVNQUJPO GMVY /"% DPODFOUSBUJPO PS /BN15 UP
//.5 GMVY SBUJP
4FRVFODF WBSJBODF BDRVJSFE JO NFUB[PBO /BN15 FOIBODFT
TVCTUSBUF BGGJOJUZ
(JWFO UIF LJOFUJD JOUFSEFQFOEFODF PG //.5 BOE /BN15
SFWFBMFE BCPWF JU TFFNFE QPTTJCMF UIBU //.5 FYFSUFE BO FWP
MVUJPOBSZ QSFTTVSF PO UIF EFWFMPQNFOU PG /BN15 *O UIJT DBTF
POF XPVME FYQFDU UP PCTFSWF BEBQUBUJPOT UIBU BSF SFGMFDUFE JO
UIF /BN15 QSPUFJO TFRVFODF BSJTJOH JO DPOKVODUJPO XJUI UIF
PDDVSSFODF PG //.5 5P FYQMPSF UIJT XF DSFBUFE B NVMUJQMF
TFRVFODF BMJHONFOU PG /BN15 QSPUFJO TFRVFODFT GSPN.FUB[PB
"O BMJHONFOU PG TFMFDUFE TFRVFODFT JT TIPXO JO 'JHVSF " BNPSF
DPNQSFIFOTJWF NVMUJQMF TFRVFODF BMJHONFOU DPOUBJOJOH B MBSHFS
OVNCFS PG TQFDJFT DBO CF GPVOE JO 4* "QQFOEJY 'JHVSF 4 8F
GPVOE BO JOTFSU PG UFO BNJOP BDJET JO NPTU %FVUFSPTUPNJB UIBU
QPTTFTT POMZ /BN15 BOE //.5 	JOEJDBUFE CZ UIF CMVF DJSDMF
'JHVSF "
 5IJT JOTFSU DPSSFTQPOET UP QPTJUJPOT  UP  JO UIF
IVNBO FO[ZNF BOE PWFSMBQT XJUI B QSFEJDUFE XFBL OVDMFBS MPDBM
JTBUJPO TJHOBM 	/-4
 5IF /-4 QSFEJDUJPO JT MPTU XIFO UIF JOTFSU JT
SFNPWFE 5IF UFO BNJOP BDJE JOTFSU IBT TP GBS OPU CFFO SFTPMWFE JO
BOZ PG UIF BWBJMBCMF DSZTUBM TUSVDUVSFT PCUBJOFE GPS /BN15 8IFO
NPEFMMJOH UIJT TUSFUDI JOUP UIF LOPXO IPNPEJNFSJD TUSVDUVSF UIF
QSFEJDUFE MPPQ EFQJDUFE JO SFE JO 'JHVSF # JT DPOOFDUFE UP POF
PG UIF ˟TIFFUT JOWPMWFE JO TVCTUSBUF CJOEJOH 	
 *OUSJHVJOHMZ UIF
MPPQT PG UIF UXP TVCVOJUT BSF JO DMPTF QSPYJNJUZ
'SPN UIFTF PCTFSWBUJPOT XF EFSJWFE UXP QPTTJCMF IZQPUIFTFT
SFHBSEJOH UIF SPMF PG UIF MPPQ JO /BN15 GVODUJPO 5IF GJSTU
IZQPUIFTJT JT UIBU UIF QSFTFODF PG UIF MPPQ DPVME BGGFDU UIF TVCDFM
MVMBS MPDBMJTBUJPO PG /BN15 BT JU JT PWFSMBQQJOH XJUI B QSFEJDUFE
/-4 5P UFTU UIJT IZQPUIFTJT XF DSFBUFE B NVUBOU /BN15 MBDLJOH
UIF MPPQ BOE SFDPNCJOBOUMZ FYQSFTTFE '-"(UBHHFE XJMEUZQF
BOENVUBOU /BN15 JO)F-B 4 DFMMT *NNVOPGMVPSFTDFODF JNBH
JOH TIPXFE B NJYFE DZUPTPMJDOVDMFBS MPDBMJTBUJPO GPS CPUI UIF
XJMEUZQF BOE UIF NVUBOU /BN15 	'JHVSF $
 5IVT EFMFUJPO PG
UIF MPPQ EJE OPU DPNQSPNJTF OVDMFBS MPDBMJTBUJPO
5IF TFDPOE IZQPUIFTJT JT CBTFE PO PVS NPEFM TJNVMBUJPOT
UIBU QSFEJDU UIBU UIF QSFTFODF PG //.5 NJHIU IBWF FYFSUFE
FWPMVUJPOBSZ QSFTTVSF PO /BN15 LJOFUJDT BOE UIBU UIFSFGPSF UIF
TFRVFODF JOTFSUJPO NJHIU IBWF BO FGGFDU PO TVCTUSBUF CJOEJOH PG
/BN15 5P BOBMZTF UIJT QPTTJCJMJUZ XF FYQSFTTFE BOE QVSJGJFE
UIF XJMEUZQF BOE UIF NVUBOU FO[ZNF XIJDI MBDLT UIF TUSFUDI
PG BNJOP BDJET  JO & DPMJ /UFSNJOBMMZ GVTFE UP B Y)JT
UBH 5IF TJ[F FYDMVTJPO DISPNBUPHSBQIZ QSPGJMF TIPXFE UIBU CPUI
XJMEUZQF BOE NVUBOU QSPUFJO XFSF FYQSFTTFE BT EJNFST 	TFF 4*
"QQFOEJY 'JHVSF 4$
 JOEJDBUJOH UIBU UIF NVUBOU QSPUFJO XBT
MJLFMZ GPMEFE DPSSFDUMZ 5IF FO[ZNBUJD BDUJWJUZ XBT BTTFTTFE CZ
NFBTVSJOH /./ GPSNBUJPO 6QPO JODVCBUJPO XJUI UIF /BN15
JOIJCJUPS ', 	
 GPS  NJOVUFT OFJUIFS XJMEUZQF OPS NVUBOU
/BN15 EJE TZOUIFTJ[F /./ TVHHFTUJOH UIBU CJOEJOH PG ', JT
OPU BGGFDUFE CZ UIF NVUBUJPO 	4* "QQFOEJY 'JHVSF 4%
 6TJOH
 ˩. /BN BOE 1311 BT TVCTUSBUFT UIF XJMEUZQF TIPXFE B
UVSOPWFS SBUF PG s T BOE s T XJUIPVU
BOE XJUI "51 SFTQFDUJWFMZ XIJMF UIF NVUBOU EJE OPU IBWF BOZ
EFUFDUBCMF BDUJWJUZ 	'JHVSF %
8JUI N.PG CPUI TVCTUSBUFT UIF
UVSOPWFS SBUF PG UIF XJMEUZQF FO[ZNF JODSFBTFE UP s
T BOE s T XJUIPVU BOE XJUI "51 SFTQFDUJWFMZ
6OEFS UIFTF DPOEJUJPOT UIF UVSOPWFS SBUF PG UIF NVUBOU FO[ZNF
XBT s T BOE s T XJUIPVU BOE XJUI
"51 SFTQFDUJWFMZ 8IFO LFFQJOH CPUI 1311 BOE "51 DPOTUBOU
BU  N. UIF XJMEUZQF FO[ZNF SFBDIFT JUT NBYJNBM SBUF JO UIF MPX
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Submission PDF
NJDSPNPMBS SBOHF PG /BN DPODFOUSBUJPOT 	4* "QQFOEJY 'JHVSF
4&
 6OEFS UIFTF DPOEJUJPOT BDUJWJUZ PG UIF NVUBOU JT EFUFDUBCMF
POMZ BU TVCNJMMJNPMBS /BN DPODFOUSBUJPOT BOE TUJMM SJTFT CFUXFFO
 BOE  N. 	4* "QQFOEJY 'JHVSF 4&
 JOEJDBUJOH B GBS MPXFS
BGGJOJUZ UPXBSET /BN DPNQBSFE UP UIF XJMEUZQF 5IF EFDSFBTF JO
BDUJWJUZ XJUI "51 BU IJHI DPODFOUSBUJPOT PG TVCTUSBUFT IBT CFFO
PCTFSWFE FBSMJFS 	
 BOE IBT CFFO BUUSJCVUFE UP UIF DPNQFUJUJWF
CJOEJOH PG "51 BOE 1311 	
 0WFSBMM PVS PCTFSWBUJPOT TVH
HFTU UIBU IVNBO /BN15 MBDLJOH UIF BNJOP BDJE TUSFUDI 
JT DBUBMZUJDBMMZ BDUJWF SFUBJOT JUT EJNFSJD TUBUF BOE TFOTJUJWJUZ UP
',)PXFWFS JU IBT B MPXFS BDUJWJUZ BOE BGGJOJUZ UP/BN 5IFTF
PCTFSWBUJPOT MFOE TVQQPSU UP UIF DPODMVTJPO UIBU UIF BDRVJTJUJPO
PG UIJT MPPQ JO UIF /BN15 PG IJHIFS WFSUFCSBUFT IBT MFE UP BO JO
DSFBTFE BGGJOJUZ UP /BN BT QSFEJDUFE CZ PVS NFUBCPMJD NPEFMMJOH
BQQSPBDI
5P TFF XIFUIFS XF DBO GJOE B NPMFDVMBS FYQMBOBUJPO GPS UIF
SFEVDFE BGGJOJUZ PG UIF NVUBOU FO[ZNF XF BOBMZTFE EJGGFSFOU
BWBJMBCMF QSPUFJO TUSVDUVSFT PG /BN15 BOE UFTUFE XIFUIFS UIF
MPPQ JOTFSUJPO DPVME QPUFOUJBMMZ MFBE UP EZOBNJD TUSVDUVSBM SFBS
SBOHFNFOUT 5P UIJT FOE XF BQQMJFE IPNPMPHZ NPEFMMJOH 	'JHVSF
#
 BOE NPMFDVMBS EZOBNJDT TJNVMBUJPOT GPS TUSVDUVSFT XJUI BOE
XJUIPVU UIF MPPQ JOTFSUJPO 	'JHVSF &
 8F EJE OPU PCTFSWF TVC
TUBOUJBM TUSVDUVSBM SFBSSBOHFNFOUT BOE UIF NPMFDVMBS EZOBNJDT
TJNVMBUJPOT TIPXFE POMZ MJNJUFE TUSVDUVSBM DIBOHFT VQPO MPPQ
EFMFUJPO3BUIFS XF PCTFSWFE BNPTUMZ TUSVDUVSBMMZ TUBCMF DBUBMZUJD
DPSF 5IJT NJHIU CF CBTFE PO UIF GBDU UIBU BMM BWBJMBCMF QSPUFJO
TUSVDUVSFT PG /BN15 EJGGFS WFSZ MJUUMF FWFO BU UIF DBUBMZUJD TJUF 	CF
UXFFO  BOE  TFF 4* "QQFOEJY 5BCMF 4
 4PNF SFTJEVFT
DMPTF UP UIF DBUBMZUJD TJUF TIPXFE TMJHIUMZ FMFWBUFE NPCJMJUJFT JO
UIF XJMEUZQF TUSVDUVSF )PXFWFS UIFTF FMFWBUFE NPCJMJUJFT XFSF
EPNJOBUFE CZ SBSF FWFOUT EVSJOH UIF TJNVMBUJPO UJNF PG wT 5IFZ
UIFSFGPSF EP OPU BQQFBS BT B SPCVTU DIBOHF PG TUSVDUVSBM EZOBNJDT
VQPO MPPQ JOTFSUJPO
//.5 NBEF /"%" PCTPMFUF JO WFSUFCSBUFT
'JOBMMZ XF XJTIFE UP VOEFSTUBOE XIFUIFS /"%" NBZ IBWF
CFFO MPTU JO WFSUFCSBUFT EVF UP LJOFUJD DPOTUSBJOUT "T TIJGUT JO
FWPMVUJPOBSZ TFMFDUJPO QSFTTVSF NBZ SFTVMU GSPN DPNQFUJUJPO GPS
SFTPVSDFT XF CVJMU B UXPDPNQBSUNFOU NPEFM CBTFE PO UIF QBUI
XBZ NPEFM EFTDSJCFE BCPWF 0OF DPNQBSUNFOU DPOUBJOT /"%"
XIJMF UIF PUIFS POF DPOUBJOT FJUIFS /BN15 BMPOF PS UPHFUIFS
XJUI //.5 #PUI DPNQBSUNFOUT TIBSF B MJNJUFE /BN TPVSDF
	GPS NPEFM EFUBJMT TFF 4* "QQFOEJY 5BCMF 4
 8JUIPVU //.5
UIF DPNQBSUNFOU DPOUBJOJOH /"%" TIPXT B IJHIFS /"% DPO
TVNQUJPO SBUF 	'JHVSF "
 BOE JT BCMF UP NBJOUBJO NVDI IJHIFS
/"% DPODFOUSBUJPOT FTQFDJBMMZ BU MPX DFMM EJWJTJPO SBUFT 	'JHVSF
#
 "U IJHI DFMM EJWJTJPO SBUFT TUFBEZ TUBUF DPODFOUSBUJPOT BOE
/"%DPOTVNQUJPO SBUFT JO CPUI DPNQBSUNFOUT BSF TJNJMBS "T
CBDUFSJB PGUFO IBWF SFMBUJWFMZ IJHI HSPXUI SBUFT BOE B MPX OVNCFS
PG /"% DPOTVNJOH FO[ZNFT UIJT NJHIU FYQMBJO XIZ BU MFBTU JO
TPNF CBDUFSJB CPUI TZTUFNT NBZ DPFYJTU
*O UIF QSFTFODF PG //.5 UIF /BN15 DPNQBSUNFOU IBT CPUI
IJHIFS /"% DPOTVNQUJPO SBUFT BOE IJHIFS TUFBEZ TUBUF /"%
DPODFOUSBUJPOT UIBO UIF DPNQBSUNFOU DPOUBJOJOH /"%" 	'JHVSF
$ BOE %
 5IJT JT IPXFWFS EFQFOEFOU PO UIF BGGJOJUZ PG/BN15
GPS /BN *G UIF TVCTUSBUF BGGJOJUZ PG /BN15 JT UPP MPX UIF /"%"
DPNQBSUNFOU JT BCMF UP NBJOUBJO IJHIFS /"% DPODFOUSBUJPOT BOE
DPOTVNQUJPO GMVY "T TIPXO JO 4* "QQFOEJY 'JHVSF 4 FYQSFTTJPO
PG /"%" JO BEEJUJPO UP //.5 BOE /BN15 QSPWJEFT B TMJHIU
BEWBOUBHF PWFS/"%"BMPOF BT MPOH BT/BN15IBT B MPX BGGJOJUZ
5BLFO UPHFUIFS UIF SFTVMUT TVHHFTU UIBU UIF/"%"QBUIXBZNJHIU
IBWF IFMQFE JO UIF USBOTJUJPO UP IJHI BGGJOJUZ /BN15 QPUFOUJBMMZ
FYQMBJOJOH JUT DPPDDVSSFODF XJUI /BN15 BOE //.5 JO TPNF
JOWFSUFCSBUFT &WFOUVBMMZ /"%" CFDBNF PCTPMFUF VQPO FNFS
HFODF PG B IJHI BGGJOJUZ /BN15 5IJT JO UVSO NJHIU IBWF CFFO
JOEVDFE CZ UIF BQQFBSBODF PG //.5
$ISCUSSION
5IF QSFTFOU TUVEZ IBT SFWFBMFE GVOEBNFOUBM OFX JOTJHIUT JOUP
UIF FWPMVUJPO BOE EZOBNJD JOUFSQMBZ PG UIF FO[ZNFT JO /"%
NFUBCPMJTN 0VS SFTVMUT TIPX UIBU UIF PDDVSSFODF PG //.5 FO
BCMFE UIF FOPSNPVT EJWFSTJGJDBUJPO PG /"%DPOTVNJOH TJHOBMMJOH
FO[ZNFT JO %FVUFSPTUPNJB //.5 QSPNPUFT UIF SFNPWBM PG
FYDFTTJWF /BN QSPEVDFE JO UIF TJHOBMMJOH SFBDUJPOT 5IJT JT OFDFT
TBSZ UP PWFSDPNF /BN JOIJCJUJPO PG UIF DPSSFTQPOEJOH FO[ZNFT
5P FOBCMF CPUI IJHI /"% UVSOPWFS BOE DPOUJOVPVT TBMWBHF PG
/BN JOUP /"% UIF LJOFUJD QBSBNFUFST PG CPUI IVNBO /BN15
BOE //.5 IBWF BUUBJOFE WBMVFT UIBU BSF JO UIF PQUJNBM SBOHF
QSFEJDUFE UISPVHI PVS TJNVMBUJPOT 	'JHVSF 
 0VS BOBMZTFT IBWF
JEFOUJGJFE B TUSFUDI PG  BNJOP BDJET JO UIF TUSVDUVSF PG /BN15
XIJDI DPOUSJCVUFT UP UIF VOVTVBMMZ IJHI TVCTUSBUF BGGJOJUZ PG UIJT
FO[ZNF JO IJHIFS WFSUFCSBUFT 8IJMF JU SFNBJOT VODMFBS XIZ MPXFS
PSHBOJTNT BOE QMBOUT VTF QSJNBSJMZ UIF /BN TBMWBHF QBUIXBZ
UISPVHI /"%" PVS BOBMZTFT EFNPOTUSBUF UIBU UIF DPNCJOBUJPO
PG /BN15 BOE //.5 PVUDPNQFUFT UIJT BMUFSOBUJWF XIFO IJHI
UVSOPWFS PG /"% JT SFRVJSFE GPS TJHOBMMJOH QSPDFTTFT $POTF
RVFOUMZ /"%" IBT CFFO MPTU JO WFSUFCSBUFT
5IF QPTJUJWF FGGFDU PG //.5 PO /"%DPOTVNQUJPO GMVY
FTQFDJBMMZ PO TJSUVJOT JT JO MJOF XJUI B MJGFTQBO FYUFOTJPO PCTFSWFE
JO XPSNT PWFSFYQSFTTJOH //.5 	
 5IF FGGFDU PG //.5 PWFS
FYQSFTTJPO PS TJMFODJOH IBT CFFO DPOUSPWFSTJBMMZ EJTDVTTFE BOE
JT QSFTVNBCMZ UJTTVF BOE DPOUFYU TQFDJGJD 	
 *O UIJT SFHBSE JU
TIPVME CF OPUFE UIBU BMUIPVHI XF QSFEJDU BO PWFSBMM QPTJUJWF
FGGFDU PG//.5PO/"%DPOTVNQUJPO SBUFT FYDFTTJWF FYQSFTTJPO
PG //.5 DBO MFBE UP BEWFSTF FGGFDUT 	4* "QQFOEJY 'JHVSF 4$

.PSFPWFS PVS BOBMZTFT QSFEJDU UIBU UIF QSFTFODF PG //.5
HFOFSBMMZ MPXFST UIF /BN DPODFOUSBUJPO BOE SFEVDFT DFMMVMBS
/"% DPODFOUSBUJPOT 5IJT FGGFDU DBO IPXFWFS CF DPVOUFSCBM
BODFE CZ JODSFBTFE /BN15 FYQSFTTJPO 	 
 5IF NPEFSBUF
FGGFDUT PG //.5 FYQSFTTJPO DIBOHFT PO /"% DPODFOUSBUJPOT
	4* "QQFOEJY 'JHVSF 4%
 NJHIU FYQMBJO XIZ TPNF FYQFSJNFOUBM
SFTVMUT SFQPSUFE JO UIF MJUFSBUVSF TFFN JODPOTJTUFOU 'PS FYBNQMF
B DPOTJEFSBCMF EFDSFBTF PG MJWFS /"% MFWFMT IBT CFFO SFQPSUFE
VQPO //.5 PWFSFYQSFTTJPO 	
 XIJMF OP DIBOHFT JO /"%
DPODFOUSBUJPOT DPVME CF EFUFDUFE JO PUIFS TUVEJFT 	 

*U IBT CFFO TIPXO UIBU ./BN FYDSFUJPO JT NPTUMZ QSPQPS
UJPOBM UP /BN VQUBLF 	
 TVQQPSUJOH PVS GJOEJOHT UIBU //.5
DPOUSJCVUFT UP /"%QBUIXBZ IPNFPTUBTJT "T TIPXO JO TFWFSBM
SFDFOU TUVEJFT UIJT IPNFPTUBUJD DPOUSPM CZ //.5 DBO CF DJS
DVNWFOUFE CZ TVQQMZJOH /3 	 
 XIJDI JT OPU B TVCTUSBUF
PG //.5 "U UIF DFMMVMBS MFWFM //.5 JT QSFTVNBCMZ NBJOMZ
BEWBOUBHFPVT XIFO IJHI /"%DPOTVNQUJPO SBUFT BSF SFRVJSFE
GPS UJTTVF GVODUJPO PS FWFO NPSF MJLFMZ NJHIU CF JNQPSUBOU UP
QSFWFOU TQBUJPUFNQPSBM BDDVNVMBUJPO PG /BN XJUIJO DFMMT EVF
UP UFNQPSBMMZ JODSFBTFE /"%DPOTVNQUJPO FH 1"31 BDUJWBUJPO
UISPVHI %/"EBNBHF
5IF NBJO IFBMUIZ UJTTVFT FYQSFTTJOH //.5 BSF UIF MJWFS BOE
BEJQPTF UJTTVFT XIJMF OP PS POMZ MJUUMF FYQSFTTJPO PG //.5 JT
PCTFSWFE JO NPTU PUIFS PSHBOT 	
 *ODSFBTFE //.5 FYQSFTTJPO
IBT CFFO GPVOE JO TFWFSBM UZQFT PG DBODFS 	 
 BOE NJHIU
TFSWF UP SFNPWF /BN QSPEVDFE CZ JODSFBTFE /"%EFQFOEFOU
TJHOBMMJOH 5P NBJOUBJO IJHI /"% DPODFOUSBUJPOT JO UIF UVNPVST
B DPODPNJUBOU JODSFBTF PG /BN15 FYQSFTTJPO JT SFRVJSFE XIJDI
IBT JOEFFE CFFO EFTDSJCFE GPS TPNF DBODFST 	 
 *U JT XPSUI
OPUJDJOH UIBU //.5 JT POMZ BEWBOUBHFPVT BT MPOH BT /BN15
BGGJOJUZ BOE BDUJWJUZ BSF TVGGJDJFOUMZ IJHI 5IJT TVHHFTUT UIBU DFSUBJO
UZQFT PG DBODFST XIJDI FYQSFTT //.5 BU B IJHI MFWFM DPVME
QPUFOUJBMMZ CF NPSF TVTDFQUJCMF UP JOIJCJUPST PG /BN15 4FWFSBM
PG TVDI JOIJCJUPST BSF DVSSFOUMZ UFTUFE JO DMJOJDBM TUVEJFT 	 

#BTFE PO PVS BOBMZTFT JU NJHIU CF SFBTPOBCMF UP UFTU QBUJFOUT GPS
//.5 FYQSFTTJPO JO UIF UVNPVS UJTTVF /PO//.5 FYQSFTTJOH
UVNPVST NJHIU SFTQPOE MFTT UP DPNQFUJUJWF /BN15 JOIJCJUPST
CFDBVTF EFGJDJFOU /BN EFHSBEBUJPO JO UIPTF DBODFS DFMMT XPVME
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QPUFOUJBMMZ MFBE UP BO BDDVNVMBUJPO PG /BN UIBU DPVME PVUDPN
QFUF UIF JOIJCJUPS
/FJUIFS UIF TDBUUFSFE EJTUSJCVUJPO PG /BN15 BOE /"%" UIBU
JT FTQFDJBMMZ QSPOPVODFE JO CBDUFSJB 	
 OPS UIF MPTT PG /"%"
JO UIF BODFTUPS PG WFSUFCSBUFT IBT CFFO VOEFSTUPPE FBSMJFS 0VS
DPNCJOFE QIZMPHFOFUJDNPEFMMJOH BOBMZTJT QSPWJEFT B QPUFOUJBM
FYQMBOBUJPO GPS CPUI PCTFSWBUJPOT 6TJOH TJNVMBUFE DPNQFUJUJPO
CFUXFFO UXP DPNQBSUNFOUT UIBU TIBSF UIF TBNF MJNJUFE TPVSDF PG
/BN XF TIPX UIBU UIF DPNQBSUNFOU UIBU DPOUBJOT /BN15 BOE
//.5 DBO NBJOUBJO B IJHIFS TUFBEZ TUBUF /"% DPODFOUSBUJPO
BOE /"% DPOTVNQUJPO SBUF UIBO UIF DPNQBSUNFOU DPOUBJOJOH
/"%" 	'JHVSF 
 5IJT JT IPXFWFS POMZ UIF DBTF JG /BN15ಬT
TVCTUSBUF BGGJOJUZ JT TVGGJDJFOUMZ IJHI 5IF EPNJOBOU FO[ZNF DPN
CJOBUJPO GPVOE JO WFSUFCSBUFT B IJHIBGGJOJUZ /BN15 BMPOH XJUI
//.5 UIVT TFFNT UP QSPWJEF B DPNQFUJUJWF BEWBOUBHF XIFO IJHI
/"% UVSOPWFS SBUFT BSF OFFEFE 5IJT JT OPU OFDFTTBSJMZ UIF DBTF
JO PSHBOJTNT UIBU VTF /BN SFDZDMJOH UISPVHI /"%"
*O PVS BOBMZTFT XF EJE OPU DPOTJEFS UIF QPUFOUJBM FGGFDUT
PG NPTU DPTVCTUSBUFT PG UIF JOWFTUJHBUFE QBUIXBZ 5IFTF DP
TVCTUSBUFT JODMVEF UBSHFUT PG UIF /"%DPOTVNJOH FO[ZNFT TVDI
BT BDZMBUFE QSPUFJOT GPS TJSUVJOT PS QIPTQIPSJCPTZM QZSPQIPT
QIBUF 	1311
 BOE "51 SFRVJSFE GPS /./ TZOUIFTJT CZ /BN15
)PXFWFS XF EJE QFSGPSN BO BOBMZTJT PG UIF FGGFDU PG DPODFOUSB
UJPO DIBOHFT JO UIF NFUIZM EPOPS 4BEFOPTZM NFUIJPOJOF 	4".

*UT QSFDVSTPS NFUIJPOJOF IBT CFFO TIPXO UP QPUFOUJBMMZ MJNJU
UIF FGGFDU PG //.5 	
 "T TIPXO JO 4* "QQFOEJY 'JHVSFT
4( BOE ) 4". DBO IBWF CPUI QPTJUJWF BOE OFHBUJWF FGGFDUT
PO UIF /"% DPOTVNQUJPO GMVY EFQFOEJOH PO UIF 4". DPODFO
USBUJPO SBOHF 5IF FGGFDUT PCTFSWFE JO UIF QIZTJPMPHJDBM 4".
DPODFOUSBUJPO SBOHF 	
 BSF IPXFWFS NVDI TNBMMFS UIBO UIPTF
PCTFSWFE GPS FYQSFTTJPO DIBOHFT JO //.5 PS /BN15 	4* "Q
QFOEJY 'JHVSF 4$ BOE " SFTQFDUJWFMZ
 /FWFSUIFMFTT DIBOHFT JO
NFUIJPOJOF NFUBCPMJTN NJHIU VOEFS TPNF DPOEJUJPOT JOGMVFODF
DFMMVMBS /"% DPODFOUSBUJPO BOE /"% DPOTVNQUJPO SBUFT "T
//.5 JO UVSO DPOTVNFT 4". //.5 NJHIU OPU POMZ QSPWJEF
B LJOFUJD BEWBOUBHF GPS /"% NFUBCPMJTN CVU JT MJLFMZ UP IBWF B
SPMF JO SFHVMBUJOH PUIFS DFMMVMBS QSPDFTTFT UISPVHI JUT JNQBDU PO
4". BWBJMBCJMJUZ 	
 'PS FYBNQMF JU IBT CFFO TIPXO UIBU UIF
QSPEVDU ./BN DBO JOEVDF UIF FYQSFTTJPO PG TJSUVJOT 	  

)PXFWFS UIF VOEFSMZJOH NFDIBOJTNT BSF TUJMM VOLOPXO
*O DPODMVTJPO XF IBWF DPNQSFIFOTJWFMZ BOBMZTFE UIF GVOD
UJPOBM DPFWPMVUJPO PG TFWFSBM FO[ZNFT PG UIF /"% QBUIXBZ 5IF
BQQFBSBODF PG //.5 BQQBSFOUMZ JOJUJBUFE BOE ESPWF DPNQMFY BM
UFSBUJPOT PG UIF QBUIXBZ TVDI BT BO JODSFBTF BOE EJWFSTJGJDBUJPO PG
/"%EFQFOEFOU TJHOBMMJOH QBSBMMFMFE CZ BO JODSFBTF JO /BN15
TVCTUSBUF BGGJOJUZ 3FNBSLBCMZ XIFO BOBMZTJOH UIF QPTTJCJMJUZ PG
DPFWPMVUJPOBSZ EFWFMPQNFOUT XJUIJO UIF /"% QBUIXBZ XF BMTP
OPUFE UIBU UIF MPTT PG /"%" BOE UIF MPPQ JOTFSUJPO JO /BN15
DPPDDVSSFE XJUI UIF BQQFBSBODF PG B IVNBOMJLF /./"5
	TDIFNBUJD PWFSWJFX TFF 'JHVSF  EFUBJMT 4* "QQFOEJY 'JHVSF 4
4
 .PSFPWFS UIF PDDVSSFODF PG IVNBOMJLF /./"5T  BOE 
BOE UIVT UIF GVSUIFS DPNQBSUNFOUBMJTBUJPO PG /"% NFUBCPMJTN
	
 DPJODJEFE XJUI B TJUFTQFDJGJD QPTJUJWF TFMFDUJPO FWFOU JO
//.5 	TFF 4* "QQFOEJY 'JHVSF 4 BOE 4
 5IJT NJHIU QPJOU
UP B SPMF PG //.5 JO /"% QBUIXBZ DPNQBSUNFOUBMJTBUJPO JO
BEEJUJPO UP TQBUJPUFNQPSBM SFHVMBUJPO PG UIF QBUIXBZ JO HFOFSBM
.FUIPET BOE .BUFSJBMT
1IZMPHFOFUJD "OBMZTJT
'VODUJPOBMMZ WFSJGJFE TFRVFODFT PG //.5 /"%" /BN15
BOE /"%DPOTVNJOH FO[ZNFT XFSF VTFE BT TFRVFODF UFNQMBUFT
GPS B #MBTUQ BOBMZTJT BHBJOTU UIF /$#* OPOSFEVOEBOU QSPUFJO
TFRVFODF EBUBCBTF 'PS B MJTU PG UFNQMBUF TFRVFODFT TFF 4* "Q
QFOEJY 5BCMF 4 #MBTUQ QBSBNFUFST XFSF TFU UP ZJFME NBYJNVN
  UBSHFU TFRVFODFT VTJOH UIF #-046. NBUSJY XJUI B
XPSE TJ[F PG  BOE HBQ PQFOJOH BOE FYUFOTJPO DPTUT PG  BOE
 SFTQFDUJWFMZ -PXDPNQMFYJUZ GJMUFSJOH XBT EJTBCMFE 5P QSFWFOU
DSPTTIJUT B NBUSJY XBT DSFBUFE JO XIJDI UIF MPXFTU FWBMVFT XFSF
HJWFO BU XIJDI#MBTU ZJFMEFE UIF TBNF SFTVMU GPS FBDI RVFSZ QSPUFJO
QBJS 8JUI IFMQ PG UIF NBUSJY UIF FWBMVF DVUPGG XBT TFU UP F
 GPS BMM FO[ZNFT 5P GVSUIFS QSFWFOU GBMTF QPTJUJWFT B NJOJNBM
MFOHUI MJNJU XBT TFU CBTFE PO B IJTUPHSBN PG UIF IJU MFOHUIT
GPVOE GPS FBDI RVFSZ QSPUFJO FYDMVEJOH QFBLT NVDI MPXFS UIBO
UIF UPUBM QSPUFJO MFOHUI -FOHUI MJNJUT BSF HJWFO JO 4* "QQFOEJY
5BCMF 4 *O BEEJUJPO PCWJPVT TFRVFODF DPOUBNJOBUJPOT XFSF
SFNPWFE CZ NBOVBM JOTQFDUJPO PG UIF SFTVMUT 5IF UBYPOPNZ *%T
PG UIF TQFDJFT GPS FBDI FO[ZNF XBT EFSJWFE GSPN UIF BDDFT
TJPOUBYPOPNZ EBUBCBTF QSPWJEFE CZ /$#* 4DSJQUT GPS DSFBU
JOH BOBMZTJOH BOE WJTVBMJTJOH UIF QIZMPHFOFUJD USFF XFSF XSJUUFO
JO 1ZUIPO  VTJOH UIF &5& UPPMLJU 	
 BOE BSF BDDFTTJCMF
UISPVHI UIF GPMMPXJOH (JU)VC SFQPTJUPSZ IUUQTHJUIVCDPN.
PMFDVMBS#JPJOGPSNBUJDT1IZMPHFOFUJDBOBMZTJT
%ZOBNJD NPEFMMJOH
,JOFUJD QBSBNFUFST 	TVCTUSBUF BGGJOJUZ 	,.
 BOE UVSOPWFS SBUFT
	LDBU
 TVCTUSBUF BOE QSPEVDU JOIJCJUJPOT
 XFSF SFUSJFWFE GSPN UIF
FO[ZNF EBUBCBTF #3&/%" BOE BEEJUJPOBMMZ FWBMVBUFE CZ DIFDL
JOH UIF PSJHJOBM MJUFSBUVSF FTQFDJBMMZ XJUI SFTQFDU UP NFBTVSFNFOU
DPOEJUJPOT 1BSBNFUFS WBMVFT GSPNNBNNBMJBO TQFDJFT XFSF VTFE
JG BWBJMBCMF 'PS FO[ZNFT OPU QSFTFOU JO NBNNBMT WBMVFT GSPN
ZFBTU XFSF JOUFHSBUFE 5IF GVMM MJTU PG LJOFUJD QBSBNFUFST JODMVEJOH
SFGFSFODF UP PSJHJOBM MJUFSBUVSF DBO CF GPVOE JO 4* "QQFOEJY 5BCMF
4 'PS /./"5 UIF QSFWJPVTMZ EFWFMPQFE SBUF MBX GPS TVCTUSBUF
DPNQFUJUJPO XBT VTFE 	
 0UIFSXJTF )FOSJ.JDIBFMJT.FOUFO
LJOFUJDT XFSF BQQMJFE GPS BMM SFBDUJPOT FYDFQU UIF JNQPSU BOE FGGMVY
PG /BN XIJDI XFSF TJNVMBUFE VTJOH DPOTUBOU GMVY BOENBTT BDUJPO
LJOFUJDT SFTQFDUJWFMZ 4UFBEZ TUBUF DBMDVMBUJPO BOE QBSBNFUFS TDBO
UBTLT QSPWJEFE CZ $01"4*  	
 XFSF VTFE GPS BMM TJNVMBUJPOT
5IF NPEFM GJMFT BSF BDDFTTJCMF UISPVHI UIF #JPNPEFMT EBUBCBTF
BDDFTTJPO OP.0%&- BOE.0%&- 3F
MBUFE GJHVSFT XFSF HFOFSBUFE VTJOH (OVQMPU 
(FOFSBUJPO PG FYQSFTTJPO WFDUPST FODPEJOH XJMEUZQF BOE NVUBOU
IVNBO /BN15
'PS FVLBSZPUJD FYQSFTTJPO XJUI B $UFSNJOBM '-"(FQJUPQF
UIF PQFO SFBEJOH GSBNF 	03'
 FODPEJOH IVNBO /BN15 XBT
JOTFSUFE JOUP Q'-"($.7B 	.FSDL  4JHNB "MESJDI
 WJB
&DP3*#BN)* TJUFT 6TJOH B 1$3 BQQSPBDI UIJT WFDUPS QSPWJEFE
UIF CBTJT GPS UIF HFOFSBUJPO PG B QMBTNJE FODPEJOH B /BN15 EFMF
UJPO NVUBOU MBDLJOH BNJOP BDJE SFTJEVFT  	˂ /BN15

'PS QSPLBSZPUJD FYQSFTTJPO XJUI BO /UFSNJOBM Y)JTUBH UIF
XJMEUZQF BOE NVUBOU 03'T XFSF JOTFSUFE JOUP Q2& 	2JBHFO

WJB #BN)* BOE 1TU*TJUFT "MM DMPOFE TFRVFODFT XFSF WFSJGJFE CZ
%/" TFRVFODF BOBMZTJT
5SBOTJFOU USBOTGFDUJPO JNNVOPDZUPDIFNJTUSZ BOE DPOGPDBM
MBTFS TDBOOJOH NJDSPTDPQZ
)F-B 4 DFMMT DVMUJWBUFE JO )BNಬT ' NFEJVN TVQQMF
NFOUFE XJUI  	WW
 '$4  N. -HMVUBNJOF BOE QFOJ
DJMMJOTUSFQUPNZDJO XFSF TFFEFE PO DPWFS TMJQT JO B  XFMM QMBUF
"GUFS POF EBZ DFMMT XFSF USBOTGFDUFE VTJOH &GGFDUFOF USBOTGFDUJPO
SFBHFOU 	2JBHFO
 BDDPSEJOH UP UIF NBOVGBDUVSFSಬT SFDPNNFO
EBUJPOT $FMMT XFSF GJYFE XJUI  QBSBGPSNBMEFIZEF JO 1#4 
IPVST QPTU USBOTGFDUJPO QFSNFBCJMJTFE 	 	WW
 5SJUPO 9
JO 1#4
 BOE CMPDLFE GPS POF IPVS XJUI DPNQMFUF DVMUVSF NFEJVN
"GUFS PWFSOJHIU JODVCBUJPO XJUI QSJNBSZ '-"(BOUJCPEZ 	NPVTF
. 4JHNB"MESJDI
 EJMVUFE  JO DPNQMFUF NFEJVN DFMMT
XFSF XBTIFE BOE JODVCBUFE GPS POF IPVS XJUI TFDPOEBSZ "MFY
B'MVPS DPOKVHBUFE HPBU BOUJ NPVTF BOUJCPEZ 	5IFSNP'JTIFS
*OWJUSPHFO
 EJMVUFE  JO DPNQMFUF DVMUVSF NFEJVN /VDMFJ
XFSF TUBJOFE XJUI %"1* BOE UIF DFMMT XFSF XBTIFE 5IF DPWFS
TMJQT XFSF NPVOUFE POUP NJDSPTDPQF TMJEFT VTJOH 1SP-POH (PME
	5IFSNP'JTIFS *OWJUSPHFO
 $POGPDBM MBTFS TDBOOJOH NJDSPTDPQZ
PG DFMMT XBT QFSGPSNFE BU UIF .PMFDVMBS *NBHJOH $FOUFS BU UIF
%FQBSUNFOU PG #JPNFEJDJOF 	6OJWFSTJUZ PG #FSHFO
 VTJOH B -FJDB
5$4 41 45&% Y NJDSPTDPQF FRVJQQFE XJUI B Y PJM JNNFS
TJPO PCKFDUJWF 	OVNFSJDBM BQFSUVSF 

/BN15 FYQSFTTJPO
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